The promotion of structural and functional plasticity by estrogens is a promising therapy to enhance central nervous system function in the aged. However, how the sensitivity to estrogens is regulated across brain regions, age and experience is poorly understood. To ask if estradiol treatment impacts structural and functional plasticity in sensory cortices, we examined the acute effect of 17α Estradiol in adult Long Evans (LE) rats following chronic monocular deprivation, a manipulation that reduces the strength and selectivity of deprived eye vision. Chronic monocular deprivation decreased thalamic input from the deprived eye to the binocular visual cortex and accelerated short-term depression of the deprived eye pathway, without changing the total density of excitatory synapses. Importantly, we found that the classical estrogen receptors ERα and ERβ are robustly expressed in the adult visual cortex, and that a single dose of 17α Estradiol increased the size of excitatory postsynaptic densities, reduced the expression of parvalbumin and decreased the integrity of the extracellular matrix. Furthermore, 17α Estradiol enhanced experience-dependent plasticity in the amblyopic visual cortex, and promoted response potentiation of the pathway served by the non-deprived eye. The promotion of plasticity at synapses serving the non-deprived eye may reflect selectivity for synapses with an initially low probability of neurotransmitter release, and may inform applications to remap spared inputs around a scotoma or a cortical infarct 4 Materials and Methods: Subjects Long Evans (LE) Rats (strain 006, RRID:RGD_2308852) were purchased from Charles River Laboratories (Raleigh, NC). Equal numbers of adult (>postnatal day 180, >P180) males and females were used. Animals were raised in 12/12 hour light/dark cycle and experiments were performed, or subjects were sacrificed, 6 hours into the light phase. Brains from 8-12 week old female ERβ -/rats were provided by M.A. Karim Rumi of the University of Kansas Medical Center 39 . All procedures were approved by the University of Maryland Institutional Animal Care and Use Committee and were carried out in accordance with the Guide for the Care and Use of Laboratory Animals.
Introduction:
Age-related constraints in synaptic plasticity have long been associated with a decrease in circulating sex hormones. Accordingly, estrogen therapy (estradiol valerate) is reported to prevent age-related cognitive impairment and improve verbal memory in oophorectomized premenopausal women 1 . Similar estrogen therapy reduces the development of all-cause dementia if initiated by age 65. The benefits of estrogens have also been demonstrated in animal models. In aged rhesus macaques, estrogen replacement (estradiol cypionate) following ovariectomy (OVX) reverses age-related cognitive impairment 2 . In OVX rats, treatment with17αestradiol (αE2), a stereoisomer of the main circulating estradiol (E2), improved object/place recognition and enhanced spatial working memory 3 . E2 treatment also improved water maze memory retrieval and reduced the severity score after traumatic brain injury in adult OVX mice (11-13 months 4 ). The majority of previous work was performed on gonadectomized subjects, to control for circulating hormone levels, and estrogen treatment in intact subjects produces more modest effects 5, 6 . Importantly, gonadally-intact non-human primates experience less multisynaptic bouton loss with age in the prefrontal cortex than OVX cohorts 7 , suggesting that surgically induced menopause may have more severe neurological consequences than natural aging.
Circulating estrogens likely promote the maintenance of synapse number and neuronal excitability that is permissive for activity-dependent synaptic plasticity. Consequently, an agerelated decrease in circulating E2 correlates with a decrease in synaptic glutamate receptor density, and inhibition of E2 biosynthesis induces acute spine synapse loss 8, 9 . Similarly, dendritic spine density and the magnitude of long term potentiation in the hippocampus and cortex are increased by E2 in intact and OVX adult rats 10, 11, 12 . Importantly, E2 delivery to intact male or intact and OVX female rats increases paired pulse depression, enhances synaptic strength, and promotes activity-dependent synaptic potentiation at excitatory synapses 13, 14, 15 .
The impact of estrogens on central nervous system function has been elucidated primarily in hippocampus and prefrontal cortex, areas known to express estrogen receptors (ERs) in young (3-4 months), middle-aged (9-11 months) , and aged (19-24 months) female rats 16, 17, 18 .
Classical estrogen signaling is mediated by cytoplasmic receptors that translocate to the nucleus to bind DNA and regulate transcription. However, E2 also enhances cognition and plasticity independently of transcription 19, 20 . ERs associated with the plasma membrane and/or cytoplasmic organelles likely mediate the non-transcriptional regulation of synaptic function 21, 22 .
The canonical estrogen receptors, estrogen receptor α (ERα) and estrogen receptor β (ERβ) are present at multiple sites in neurons 16, 23, 24 . ERα has been localized to nuclei, cytoplasm and the presynaptic compartment of pyramidal neurons in hippocampal CA1, and immunogold electron microscopy (EM) localizes ERα to dendritic spines 25 . Immunogold EM also localizes ERβ to preand postsynaptic compartments of asymmetric synapses in CA1 in female rats, which persist following OVX and are increased by E2 treatment 17 . ERα and ERβ puncta co-localize with the postsynaptic scaffold protein PSD95, and E2 delivery recruits PSD95 to synapses in cultured neurons 26 . ERα is also present in approximately one-third of the inhibitory boutons that innervate pyramidal neuron somata in hippocampal CA1 27 . Presynaptic ERα co-localizes with cholecystokinin, is associated with clusters of synaptic vesicles, and is mobilized toward the synapse by E2. Importantly, expression of membrane ERs persists in the adult hippocampus and prefrontal cortex following OVX 16, 17, 18 . In contrast, there is little consensus on the distribution or role of ERs in primary sensory cortices of adults, due in part to conflicts between previous reports, which also differ in age, species, sex and gonadal state 28, 29, 30, 31, 32 .
Here we examine the distribution of estrogen receptors in V1 of adult male and female LE rats following chronic monocular deprivation (cMD). cMD initiated at eye opening mimics the presence of a unilateral congenital cataract from birth and induces severe amblyopia that is highly resistant to reversal in adulthood 33, 34 . Importantly, in the binocular region of the amblyopic cortex, synapses serving the deprived eye are weak, sparse and untuned, while synapses serving the non-deprived eye retain normal strength, density and stimulus selectivity 35 . In addition to inducing deprivation amblyopia, the reduction in synaptic density and cortical function mimics changes observed during normal aging or in response to ischemic damage. We asked if a acute treatment with a single low dose of estradiol can enhance plasticity in V1 of adult amblyopic rodents. We employ αE2, which has 100-fold lower efficacy for nuclear ERs of both subtypes and a preferential affinity for ERα 36 and has been shown to induce ~2 fold more synaptogenesis in the hippocampus than an equivalent dose of E2 37, 38 . Average VEP waveforms were calculated for 100 stimulus presentations and were assigned to layers based on waveform shape. VEP amplitude was measured from trough to peak in and a novel (135 degrees) grating stimulus.
Experimental Design and Statistical Analysis
Primary visual cortex was defined with anatomical landmarks (dimensions of the dorsal hippocampal commissure, deep cerebral white matter tract, and the forceps major of the corpus callosum). Modest shrinkage due to fixation and cryoprotection reduced vertical depth to 900 μm 35 . Fluorescent puncta were identified using size exclusion parameters defined by unbiased quantification for each marker following the construction of a cumulative distribution of puncta size, and setting a 10% lower bound and 90% upper
bound. An unpaired two-tailed Student's T-test was used to determine the significance between two independent experimental groups, and a paired Student's T-test was used for two measurements within the same subject. One-way ANOVA was used to determine significance between three independent groups.
Repeated measures ANOVA, with between group comparisons, was used to determine the significance of more than two measures within the same subjects, followed by a Tukey-Kramer honestly significant 
Results:

Effects of cMD on thalamocortical innervation of V1
Estradiol (E2) treatment has been shown to promote short-term synaptic plasticity, increase the number and size of excitatory synapses, and lower the threshold for activity-dependent potentiation 14, 37, 43 . We therefore first asked how each of these potential targets of E2 is impacted in an animal model in which amblyopia is induced by chronic monocular deprivation (cMD) from eye opening to adulthood (P14 ->P180). Neurons in the binocular region of primary visual cortex (V1b) in rodents have a preference for stimulation from the contralateral eye, as approximately twice as many thalamocortical afferents serve the contralateral as ipsilateral eye 44 . A representative example of eye-specific innervation from the thalamus to the cortex, cMD also induced an expansion of the cortical territory innervated by the non-deprived eye into the monocular region of V1 (V1m), as previously observed in felines 47 .
Quantitative immunofluorescence of PSD95 and pS831 following cMD
To ask if cMD impacted the number and/or size of excitatory synapses in V1b, we quantified the term synaptic depression of VEP amplitude suggests that cMD induces an increase in the neurotransmitter release probability at synapses serving the deprived eye, as has been observed in the LGN and visual cortex after brief MD 52, 53 .
ERs in adult rodent V1
To ask if the sensitivity to αE2 is maintained in the adult visual cortex, we first examined the distribution of canonical ERs. This analysis was performed in adult (>P180), gonadally-intact, male and female LE rats, as gonadectomy has been shown to significantly reduce excitatory synaptic density 11, 12, 54 ERβ staining was absent in the brains of ERβ -/adult female rats (Representative example of n = 3; Fig. 2A , right 39 ). Thus, robust non-nuclear expression of ERs persists throughout the brain of adult male and female LE rats, including primary visual cortex.
The structural and functional deficits induced by prolonged monocular deprivation do not recover spontaneously following removal of the occlusion in adulthood 33, 45 . However, recovery of vision in the amblyopic pathway can be promoted by manipulations that enhance synaptic plasticity in V1b 55, 56, 35, 57, 58 . To ask if estrogen treatment can enhance structural and functional plasticity in the adult amblyopic V1, we treated with 17α-estradiol (αE2), a stereoisomer of the main circulating estradiol (E2), which induces potent synaptogenesis but is genomically inactive 37 . To confirm the latter, we found that 7 days of αE2 treatment ( females 2-way ANOVA F(1,8) = 0.41, p = 0.54; n=6, each; Fig.4 A,B ). This suggests a reduction in the excitability of FS INs, and is consistent with previous reports that E2 treatment can increase principal neuron excitability and EPSP amplitudes 60, 61, 62 .
Next, we examined the effect of αE2 on the integrity of the extracellular matrix (ECM), the maturation of which is known to contribute to the constraint of structural and functional plasticity with age 63, 64 . 
Quantitative immunofluorescence of PSD95 and pS831 following αE2
To ask if αE2 treatment impacts the density of excitatory synapses, we again examined the intensity and distribution of PSD95 labeling. αE2 treatment of cMD subjects (15 μg/kg, s.c., awake subjects) induced a significant increase in the size distribution of PSD95 Fig.5C ). This suggests that αE2 treatment increases the size of existing excitatory synapses in the adult V1 via a pathway that is independent of CaMKII/PKC phosphorylation of GluA1.
Effect of αE2 on experience-dependent synaptic plasticity in cMD subjects
To ask if αE2 treatment enhanced functional plasticity in adult amblyopic V1, we adapted a visual stimulation protocol known to induce stimulus-selective response potentiation (SRP) of visual responses in binocular mice 65 . Repetitive presentation of high contrast gratings of a single orientation (200-500 phase reversals a day over 5-7 days) induces a two-fold increase in the amplitude of the VEP recorded in layer 4 in awake mice. The visual response potentiation is highly selective for the characteristic of the visual stimulus including orientation and temporal frequency, thereby reproducing the specificity of many forms of visual perceptual learning 66 .. In addition our previous work demonstrates that a truncated stimulation protocol, in which subjects receive 100-200 phase reversals of a high contrast grating, is subthreshold for the induction of stimulus-selective response potentiation (SRP) in anesthetized rats 66 Fig. 6B ).
Importantly, the increase in the amplitude of the non-deprived eye VEP was stimulus-selective, as the increase was observed in response to familiar, but not novel, visual stimulus orientations ( Fig. 6B) . In contrast, no change was observed in the amplitude of the VEP acquired from the previously deprived eye (AVG±SEM; familiar: 25.56±4.49 μV, novel: 29.154±3.80 μV; males vs.
females, F(1, 8) = 1.59, p = 0.24, 2-way ANOVA; n=6, Fig. 6C ). Together this demonstrates that adult amblyopic V1 retains sensitivity to E2, and αE2 treatment specifically enhances plasticity at the spared synapses serving the non-deprived eye.
Discussion:
The enhancement of structural and functional plasticity by E2 is well-documented in adult hippocampus, hypothalamus and frontal cortex 2, 7, 11, 67, 68 . Here we show that estradiol treatment can promote plasticity in amblyopic visual cortex by quantifying the effects of αE2 on the structure and function of the binocular region of the adult visual cortex following chronic monocular deprivation. A single dose of αE2 reduced the expression of PV, reduced the integrity of the ECM, and increased the expression of the postsynaptic scaffold PSD95. Furthermore, αE2 treatment enhanced experience-dependent plasticity in the amblyopic cortex, promoting stimulus-selective response potentiation in the pathway served by the non-deprived eye. Our results demonstrate that the adult amblyopic cortex retains responsiveness to E2, and suggests that the sensitivity to acute αE2 may be determined by synaptic properties that reflect the history of activity at the synapse.
The initiation of MD initiated at eye opening (cMD) mimics the severe deprivation amblyopia caused by the present of a unilateral congenital cataract 33 . cMD induces a severe asymmetry in the structure and function of the cortical circuitry serving the deprived eye versus non-deprived eye 33, 35, 66 and therefore contrasts with MD initiated during the critical period which induces a more modest structural and functional changes. The cMD model allowed us to compare the response to acute αE2 treatment in the compromised pathway serving the deprived eye and the intact pathway serving the non-deprived eye. Intraocular delivery of a trans-neuronal tracer following cMD revealed the expected decrease in thalamocortical inputs serving the deprived eye, reflected in the deprivation-induced reduction in the strength of thalamic input to the cortex 45 . Nonetheless, normal PSD95 and pS831 labeling was observed after cMD, suggesting an increase in other classes of excitatory synapses following the loss of thalamocortical inputs.
Indeed, MD during the critical period induces a rapid depression of deprived eye responses followed by a slowly emerging enhancement of non-deprived eye responses 46 . The expansion of thalamocortical input into V1m may also contribute to the increase in non-deprived eye response strength.
The therapeutic potential of E2 /αE2 in the adult brain critically depends on the distribution and concentration of ERs. The persistence of robust, non-nuclear ER expression after menopause/estropause is well documented in primate and rodent hippocampus, hypothalamus, and frontal cortex. However, there has been little consensus on the distribution or role of ERs in primary sensory cortices of adults 29, 30, 31, 32, 48 . Our results demonstrate that robust ERα and ERβ expression persists V1 of adult male and female LE rats. The majority of ERα and ERβ labeling did not co-localize with a nuclear marker in the primary visual cortex or hippocampus, the latter consistent with previous reports of high non-nuclear receptor expression in CA1 of adult female rats 23, 24 .
In addition to the reduction in circulating sex hormones, the maturation of extracellular matrix (ECM) is known to constrain structural and functional synaptic plasticity in adult circuits 42, 64 . A single dose of αE2 reduced the integrity of the ECM throughout the visual cortex of amblyopic adults, thereby mimicking other interventions that enhance plasticity in adult V1 42, 57, 63, 70 αE2 also reduced the expression of PV, a proxy for the excitability of FS INs 13 . However, the reduction in ECM integrity and FS IN excitability did not induce a global enhancement of plasticity in synapses in V1.
Acute E2 delivered in vivo or ex vivo induces robust spinogenesis in the hippocampus of young adult male and female rats 11, 25, 69, 71 and this effect may be lost with age or following OVX 72 . Brief E2 treatment of hippocampal slices from young males and middle-aged OVX females induces an increase in F-actin, without a change in PSD95 puncta number 14, 73 . Similarly, Golgi stains of mouse hippocampus from OVX females (P42) reveal an increase in the number of large, mushroom-type spines following repetitive E2 treatment (1x day / 5 days 74 ). Following acute delivery of αE2, we observed an increase PSD95 puncta size in the adult visual cortex, but no change in the number of PSD95 puncta. Together, this suggests that the estradiols induce the genesis of new excitatory synapses in young adults, and the growth/expansion of pre-existing excitatory synapses in older brains. Importantly, we observed no difference in PSD95 puncta size or number in males versus females, and low variability within the female cohort. This suggests minimal impact of the estrous cycle phase on PSD95 expression in our adult rats.
αE2 treatment induced an increase in the size of PSD95 puncta, suggesting that αE2 treatment alone may induce a modest strengthening of excitatory synapses, as has been shown in response to E2 76 . Additionally, acute E2 lowers the threshold and increases the magnitude of LTP induced by theta burst stimulation in the hippocampus of OVX rats 67 . However, the absence of an increase in pS831 following αE2 treatment demonstrates that the increase in the size of excitatory synapses occurs independently of CaMKII/PKC signaling. Together this suggests that estradiol treatment engages a pathway parallel to that engaged by LTP, and is consistent with the observation that the response to acute E2 in hippocampus, including polymerization of actin in dendritic spines and an increase in excitatory synaptic strength, promotes rather than occludes subsequent LTP. An E2-induced increase in excitatory synaptic strength may also underlie reports of in increased LTD magnitude 25, 76 .
E2 treatment increases the amplitude and frequency of mEPSCs in rat hippocampal CA1 pyramidal neurons in both sexes, indicative of regulation of pre-and postsynaptic function respectively 43 . Importantly, E2-induced changes in mEPSC frequency are limited to synapses with an initially low probability of neurotransmitter release, suggesting that E2 enhances synaptic function by increasing presynaptic release probability 15 . A similar synapse-specific effect of αE2 was observed in the adult amblyopic visual cortex, with enhancement of activity-dependent plasticity limited to the pathway serving the nondeprived eye. The observation that the VEPs acquired from the deprived eye depress more rapidly than the non-deprived eye suggests that chronic monocular deprivation may increase the probability of neurotransmitter release at deprived-eye synapses, as observed following brief MD in the thalamus and cortex 52, 53 . The increase in release probability of neurotransmitter at synapses serving the deprived eye may occlude the enhancement of plasticity by αE2 and underlie the selectivity for spared inputs in the amblyopic cortex. The robust expression of ERs in the adult visual cortex and the enhancement of plasticity of synapses in the intact, non-deprived eye pathway by αE2 suggests that estradiol treatment could be employed to promote the plasticity of spared inputs around a scotoma or a cortical infarct. The selective enhancement of plasticity at synapses with initially low release probability also suggests the possibility that sensitivity to αE2 could be acutely manipulated following induction of activity-dependent changes in the probability of neurotransmitter release.
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